Recent genome-wide association studies (GWAS) have provided the first unambiguous evidence that common genetic variation influences the risk of childhood B-cell precursor acute lymphoblastic leukemia (BCP-ALL), identifying risk single-nucleotide polymorphisms (SNPs) localizing to 7p12.2, 9p21.3, 10q21.2 and 14q11.2. The testing of SNPs individually for an association in GWA studies necessitates the imposition of a very stringent P-value to address the issue of multiple testing. While this reduces false positives, real associations may be missed and therefore any estimate of the total heritability will be negatively biased. Using GWAS data on 823 BCP-ALL cases by considering all typed SNPs simultaneously, we have calculated that 24% of the total variation in BCP-ALL risk is accounted for common genetic variation (95% confidence interval 6-42%). Our findings provide support for a polygenic basis for susceptibility to BCP-ALL and have wider implications for future searches for novel disease-causing risk variants.
INTRODUCTION
Acute lymphoblastic leukemia (ALL) is the most commonly diagnosed pediatric cancer in developed countries.
1,2 B-cell precursor (BCP) ALL accounts for approximately 70% of childhood ALL and characteristically affects children between 3 and 5 years of age.
Evidence for an inherited genetic predisposition to ALL is provided by the high risk associated with Bloom's syndrome, neurofibromatosis, ataxia telangiectasia and constitutional trisomy 21 (collectively o5% of ALL). 3 A heritable basis for susceptibility to ALL outside these syndromes is presently largely undefined. Recent genome-wide association studies (GWAS) have provided the first unambiguous evidence for common genetic susceptibility to ALL. [4] [5] [6] These studies have robustly shown that singlenucleotide polymorphisms (SNPs) annotating the IKZF1 (7p12.2), CDKN2A (9p21.3), ARID5B (10q21.2) and CEBPE (14q11.2) genes influence disease risk (that is, P-values for associations o5.0 Â 10 À 8 ). [4] [5] [6] While each SNP only has a modest effect on an individual developing ALL, relative risks are among the strongest cancer associations identified by GWAS. 7 This is compatible with a scenario in which the inherited susceptibility to this malignancy has a strong polygenic basis.
Although the tagging SNPs used in GWAS typically capture B80% of common variation in the genome, testing SNPs individually for an association in GWAS necessitates the imposition of a very stringent P-value to address the issue of multiple testing. While this reduces the occurrence of false positives it may result in true associations being missed, especially if individual SNPs have a small effect. Thus any overall estimate of the total heritability, that is, the proportion of the ALL risk ascribable to genetic variation, will be negatively biased. An alternative approach is to fit all the SNPs simultaneously; the effects of the SNPs are treated statistically as random effects, and the variance explained by all the SNPs together is estimated. The variance calculated in this way can be used to provide an unbiased estimate of the heritability explained by all SNPs. 8 Here, we apply this methodology to a GWAS of BCP-ALL to enumerate the difference in individual's risk accounted for by common genetic variation.
SUBJECTS AND METHODS Subjects
Cases analyzed had been diagnosed with BCP-ALL and have been the subject of GWAS of childhood ALL we have previously reported. 4, 6 Briefly, we analyzed 824 pediatric BCP-ALL patients ascertained from the United Kingdom (UK; 464 male, 360 female; mean age at diagnosis 5.4 years, s.d. ¼ 3.6), derived from the United Kingdom Childhood Cancer study 9 (UKCCS), the UK Medical Research Council (MRC) ALL 97 (99) trial and from the Northern Institute of Cancer Research (NICR). Genotyping of patient samples was undertaken using Illumina Infinium HD Human 370 Duo BeadChips according to the manufacturer's protocols (Illumina, San Diego, CA, USA). For controls we used Illumina Hap550K BeadChip genotype data, which were publicly accessible for 1438 individuals from the 1958 Birth Cohort (58C, also known as the National Child development study) 10 and which were generated on 960 healthy UK individuals as part of a study of colorectal cancer. 11 
Ethics
Collection of blood samples and clinical information from subjects was undertaken with informed consent and relevant ethical review board approval in accordance with the tenets of the Declaration of Helsinki.
Quality control of SNP genotyping
We have previously confirmed an absence of systematic genetic differences between cases and controls, and shown no evidence of population stratification in these sample sets. 4, 6 Artefactual differences in allele frequencies between cases and controls can contribute to the estimation of spurious genetic variation; therefore, for the current analysis we imposed a number of additional quality control measures to the data set as advocated by Lee et al. 8 when estimating heritability. Using PLINK software 12 we excluded SNPs in cases and controls that had a minor allele frequency (MAF)o0.01 or a Hardy-Weinberg equilibrium test with Po0.05. Performing a differential missingness test between the cases and controls, we excluded those SNPs with Po0.05. In addition, we excluded individuals having a relatedness score of 40.05. To investigate any potential overrepresentation of associations we generated quantile-quantile plots of Cochran-Armitage trend tests of association. The inflation factor l was based on the 90% least significant SNPs.
Statistical analysis
Statistical analyses were performed using the methodology of Yang et al. 13 and Lee et al. 8 This method provides an estimate of the variance explained by all the SNPs in the data set while accounting for linkage disequilibrium (LD) between the genotyped SNPs and unknown causal variants (that is, correlations between SNP genotypes). Briefly, the method fits a linear mixed model of the form: y ¼ m þ g þ e, whereby y is the vector of disease status, m is the mean vector, g is a vector of random additive genetic effects obtained from SNP data and e is a vector of residual effects. The covariance structure fitted in the data is the individual relationship estimated from the SNPs; covðy j ;
e , where A jk is the genetic relationship between individuals j and k derived from the SNPs, s 2 , where K is the prevalence of the disease and z is the value of the standard normal probability density function at the threshold t. The incidence of BCP-ALL is 30-45 per 10 6 per year. 1 As this translates to a cumulative risk of B1 in 2000 we set the prevalence of ALL to be 1 in 2000. The relationship between additive genetic variance on the observed 0-1 and unobserved liability scales is extended to account for ascertainment bias in a case-control study. 8 Estimation of the additive genetic variance was performed using restricted maximum likelihood via genome-wide complex trait analysis (GCTA) software. 14 The MAF spectrum of the unobserved causal variants may be different than that of the genotyped SNPs. We thus followed the procedure in Yang et al. 13 to adjust the crude heritability estimate, h 2 l , to account for missing LD between the genotyped SNPs and unknown causal variants. SNPs were randomly assigned into two groups with one of the groups being treated as representing 'true' causal variants. The covariance between both groups is therefore reflective of the true variance of relatedness between individuals, while the variance derived from the SNP group equals the variation of relatedness plus estimation error. The prediction error can therefore be derived by regressing the relationships of the 'true' causal variants on the SNPs. As advocated, we calibrated the prediction error using data on SNPs representing causal variants having MAFo0.1. 13 We made use of receiver operator characteristic curve analysis to estimate the proportion of the genetic variance on the liability scale attributable to 7p12.2, 9p21.3, 10q21.2 and 14q11.2 SNPs. The area under the curve provides a means of classifying diseased and non-diseased individuals, and can be used to estimate the proportion of the genetic variance on the liability scale attributable to loci. 15 
RESULTS
We restricted our analysis to SNPs mapping to the autosomes and following quality control filtering a total of 247 761 SNPs common to 823 cases and 2194 controls were available for analysis.
We investigated the impact of SNP missingness on the estimates of variance explained by SNPs globally for BCP-ALL by imposing varying thresholds for SNP missingness. As the threshold imposed for missingness became more stringent, the number of SNPs reduced from 247 761 to 202 089, allowing for only three missing genotypes (that is, 0.001 of SNPs; Table 1 ) and with this the crude proportion of variance estimate drops from 0.30 to 0.22 (Table 1 ). This decline is in part a consequence of the reduced number of SNPs, and therefore the total proportion of the genome tagged, on which the estimate is based rather than a genotype missingness artifact per se. With adjustment for incomplete LD, the proportion of the variance estimate fell from 0.59 to 0.46 (Table 1) . After transforming the data to account for prevalence and ascertainment on the liability scale, the variance in liability of BCP-ALL explained by the SNPs ranged from 0.24 to 0.18 (Table 1) . Comparable results were obtained when the analysis was restricted to SNPs having a MAF40.05 (Table 1 ). The heritability of 0.24 obtained translates to a sibling relative risk of 3.93 being associated with common genetic variation.
To determine the impact of the known loci on the heritability associated with common variation we derived the receiver operator characteristic associated with 7p12.2, 9p21.3, 10q21.2 and 14q11.2 at SNPs rs4132601, rs3731217, rs7089424 and rs2239633, respectively. The area under the curve associated with the variants was 0.64, which translates into them contributing 8% of the genetic variance and 5% of the associated sibling relative risk.
DISCUSSION
These data are compatible with polygenic susceptibility to ALL mediated through common SNPs (that is, those with MAFs40.05) in strong LD with functional variants influencing the risk of developing ALL.
The magnitude of the estimated heritability is such that this polygenic susceptibility equates to a 3.93-fold increase in risk in siblings of BCP-ALL cases (absolute risk of B0.2%). This accords with observations from the Swedish family-cancer database, which reported a 2.9-fold increased sibling relative risk, independent of the high concordance in monozygotic twins, which has a non-genetic, in utero explanation. 16 The heritability estimated in our analysis is simply the additive variance as a proportion of the phenotypic variance. Thus, it does Transformed genetic variance of BCP-ALL proportional to the total phenotypic variance.
Genetic variation and acute lymphoblastic leukemia V Enciso-Mora et al not include non-additive genetic variance (gene-gene interactions or dominance effects) or gene-environment interactions impacting on ALL risk. It has recently been proposed that epistatic genegene interactions may have a significant role in mediating the development of complex traits and underscore 'phantom heritability', 17 that is, the apparent missing heritability from purely additive genetic effects. Moreover, given the evidence, albeit indirect, for a role for infectious exposure in relation to ALL risk it is likely that substantive gene-environment effects operate.
Our findings not only provide quantification of the impact of common variation on BCP-ALL risk, but also provide a strong rationale for continuing to search for additional novel risk variants through GWAS-based strategies. Thus far, GWAS of ALL, including the parent study on which this current analysis is based, have identified four independent loci shown conclusively to be associated with ALL, and more specifically BCP-ALL risk-7p12.2 (IKZF1), 9p12 (CDKN2A/CDKN2B), 10q21.2 (ARID5B) and 14q11.2 (CEBPE). [4] [5] [6] While the risk of ALL associated with these common variants is not insignificant (RRs of 1.5-1.6), collectively they only underscore B8% of the genetic variance in BCP-ALL risk.
The power of the two reported GWA studies of ALL over a range of allele frequencies and relative risks is shown in Figure 1 . The power of both GWAS to identify common alleles conferring relative risks of 1.5 or greater (such as the 7p12.2 variant) is high. Hence, there are unlikely to be many additional SNPs with similar effects for alleles with frequencies greater than 0.3 in populations of European ancestry. In contrast, both GWA studies had low power to detect alleles with smaller effects and/or MAFo0.1. Evidence for the existence of additional risk variants for BCP-ALL with such characteristics is provided by Q-Q plots of test statistics from case-control analysis of our data set ( Figure 2 ). The adequacy of case-control matching and the possibility of differential genotyping of cases and controls is precluded by the genomic inflation score of 1.03 rendering cryptic population substructure or differential genotype calling between cases and controls unlikely. This clearly shows that there is inflation of the test statistics at the upper tail of the distribution (Po10 ), even after exclusion of SNPs mapping to the 7p12.2, 9p12, 10q21.2 and 14q11.2 ( Figure 2 ). It is, therefore, likely that additional common low-risk variants remain to be discovered and should be eminently harvestable in new larger GWAS or through pooling of existing data sets. However, most additional risk variants yet to be discovered are likely to have more modest effect on ALL risk than the 7p12.2 and 10q21.2 variants, which are associated with relative risks of 41.3 per allele.
Our analysis of heritability is derived from the analysis of B250 000 SNP genotypes. It is possible that some disease-causing variants that are very rare have a substantive effect on BCP-ALL risk; however, it is unlikely that any such mutations will explain a large proportion of the variance in risk. While the genetic variance could be mediated by a large number of risk variants with MAFo0.1, there is no reason to believe that a significant component of the missing variance is solely explained by a restricted number of high-risk variants. Higher-density SNP genotyping would, however, provide a higher probability of LD with functional disease-causing variants, thus potentially affording the capturing of a higher proportion of the genetic variance-provided the characteristics of disease-causing variants do not differ systematically from the genotyped SNPs (for example, because of lower MAF). Analysis of additional ongoing GWAS of BCP-ALL, which are based on higher-density array technology are therefore likely to be informative in refining estimates of heritability.
Further advancements are likely to be made following the establishment of large consortia, 18 including the Childhood Leukemia International Consortium. Such initiatives not only provide the basis for GWA studies with increased sample size, SNP coverage and number of SNPs taken forward to large-scale replication to aid in the identification of additional novel risk variants, but also facilitate pooling studies of existing GWAS data to importantly improve the standard error of the point estimate of the heritability of BCP-ALL.
In this study, we have restricted our analysis to the commonest form of childhood ALL, BCP-ALL in order to focus on a relatively homogeneous subset of ALL. Thus, there are limitations on the interpretation of data obtained in our study in terms of the generalizability to other forms of ALL and to subtypes of BCP-ALL. However, our findings have provided further support for a polygenic basis to susceptibility to BCP-ALL and, moreover, have yielded additional evidence for the existence of BCP-ALLassociated SNPs that remain to be identified.
